The management of mechanical ventilation and its successful removal, termed weaning, is a complex process integrating clinical expertise with the capabilities, and limitations, of mechanical ventilators. Frequent monitoring is necessary to titrate ventilator settings in response to changes in each patient's physiological status. Due to clinical organisational constraints, it may not be possible to have an optimum level of expertise and monitoring available to all ventilated patients at all times. Therefore, alternative clinical support tools have been proposed which may improve the delivery of mechanical ventilation and hasten the weaning process. These methods consist of organisational interventions including outcome managers, weaning teams, clinical guidelines and nonphysician weaning protocols 1 . In addition, progress in ventilator microprocessor technology has enabled the long anticipated development of computer-assisted management of ventilation and weaning 2 . More recently a computerised knowledge-based system, SmartCare™/PS, has become available commercially as a software application for the EvitaXL ventilators (Dräger Medical AG & Co. KG, Lübeck, Germany). This review aims to summarise the available data relevant to the clinical utility of the adaptive weaning offered by SmartCare/PS. clinical guidelines 11 based system implies the medical device is provided with more knowledge than is contained within a simple mathematical model 12 of the SmartCare system is the automated control of ventilator weaning (SmartCare/PS) based on the work of Dojat and others 10, [13] [14] [15] .
Automatic ventilatory management is based on closed-loop control systems that have been in development since the 1950s 16 . Examples of closed-loop systems in everyday life include thermostat-controlled heating systems and cruise control in cars 17 . These systems consist of three elements: the input that activates the system, the output, which is the product of the system and the protocol that links the two. Therefore, a closed-loop system directs activation and conditioning of the input by the feedback from the output 18 .
Pressure support ventilation is an example of a straightforward closed-loop ventilatory system that utilises negative feedback control. The ventilator achieve the target pressure support 16 . More complex closed-loop systems include dual control modes that switch between pressure control and volume control and applications that enable titration and weaning of ventilatory support without clinician manipulation of ventilator controls.
The goal of many computerised ventilation applications is to provide improved adaptation of ventilatory support to the patient's needs through continuous monitoring and real-time interventions 13 . Moreover, these computerised systems often aim to reduce the duration of ventilation and result in better patient outcomes 15 . Multiple commercial computerised ventilation and weaning programs have been developed, with various levels of clinical acceptance, including adaptive support ventilation (ASV) and proportional assist ventilation (PAV). Like these other systems, SmartCare/PS has been developed over many years, originating from prototypes named "Ganesh" and "NeoGanesh" 10, 14 .
SmartCare/PS was designed to respond to a in the presence of spontaneous ventilation, and to incorporate only one mode of ventilation, namely pressure support based on the earlier work of Brochard and others 20, 21 . SmartCare/PS continuously monitors the patient's respiratory status and periodically adapts pressure support aiming for a there is only limited published data examining the clinical application of the SmartCare/PS system, despite its availability on the commercial market within Australia. The device has received recent Food and Drug Administration marketing approval in the United States 22 . 
DESCRIPTION OF THE SMARTCARE/PS SYSTEM
The SmartCare/PS system uses patient respiratory rate, tidal volume (V T ) and end-tidal carbon dioxide (ETCO 2 ) to control the level of pressure support to maintain the patient in a proprietary "respiratory zone zone of comfort" parameters are shown in Table 1 . Early studies supported the utility of these ranges as decision thresholds for the knowledge-based system's effective titration and weaning of ventilation 10, 13, 14 .
as it was considered the best indicator of the ability of the respiratory muscles to adapt to changes in workload 15 . V T and ETCO 2 are incorporated to assist SmartCare/PS continues to sample these parameters pressure support level to maintain the patient in the "respiratory zone of comfort" (Table 1 ). If no change has been made to pressure support, a two-minute used if an adjustment to pressure support has just occurred.
The SmartCare/PS system divides the control prostabilising the patient within the "respiratory zone of comfort". The second step decreases the pressure support setting without the patient leaving the comfort zone. The third step tests readiness for extubation by maintaining and monitoring the patient at the lowest level of pressure support. The lowest level of pressure varies according to the presence of an endotracheal or tracheostomy tube, the use of a heat and moisture of automatic tube compensation (ATC) 15 (Table 1) . Once the minimum pressure support level is reached, a one-hour observation period is commenced during which the patient's spontaneous breathing frequency, V T and ETCO 2 are monitored. This observation period is extended to two hours if the initial pressure support setting was greater than 15 cmH 2 O. If the PEEP setting is above 5 cmH 2 O, when the minimum pressure support setting has been achieved, a screen message alerts the clinician that the monitoring period will not be initiated until the PEEP is reduced to 5 cmH 2 O. On successful completion of this observation period, SmartCare/PS suggests, via a screen message, the potential for disconnecting from the ventilator, termed "consider separation".
ACTIVATION OF SMARTCARE/PS
Activation of a SmartCare/PS session is possible by touching the screen key 'SmartCare' in the "ventilator settings" options, once the patient is in pressure support ventilation (PSV). Once SmartCare/PS is selected, the clinician enters the patient's body weight, designates the airway access as endotracheal or tracheostomy, indicates whether support weaning is required and indicates whether the patient has chronic obstructive pulmonary disease (COPD) or a neurological disorder (Figure 1 ). SmartCare/PS then determines the values of maximum permissible spontaneous breath rate, ETCO 2 and minimum V T based on this medical history data.
The SmartCare/PS system acquires data on the patient's current respiratory status (frequency, V T and ETCO 2 ) and its time-course, establishes a respiratory status diagnosis (Table 2) , determines the intervention and acts on the ventilator to increase or decrease pressure support, or leave it unchanged 10, 15 . The "patient session" screen key is then touched and the 'on' key selected. In addition, the SmartCare/PS system requires activation of CO2 monitoring via the CO2 sensor (Capnosmart 68 71 500, Dräger Medical, Lübeck, Germany).
Initial weaning of pressure support takes into account the pressure support setting as well as the patient's breathing pattern history. If the pressure support is below 15 cm H2O it will be decreased by 2 cm H2O once the patient's ventilation has been stable for 30 minutes; if the pressure support level is higher than 15 cm H2O, it will be decreased by 4 cm H2O if the ventilation has been acceptable for 60 minutes 15 . SmartCare/PS tolerates transient instabilities for two to four minutes depending on the level of pressure support. SmartCare/PS continues to adjust pressure support by 2 to 4 cm H 2O increments based on repeated respiratory status diagnosis until a minimum setting is reached (Figure 2 ).
EVALUATION AND CLINICAL APPLICATION STUDIES
SmartCare/PS system. In a small study of 19 patients published 14 years ago, the original prototype of the SmartCare/PS system, interfaced with a Hamilton Veolar ventilator (Hamilton Medical, Bonaduz, Switzerland) and laptop computer, was tested to determine its ability to maintain a patient's breathing pattern within the predetermined "respiratory zone of comfort" and decrease pressure support in patients considered ready to wean 10 . Patients were maintained in the "respiratory zone of comfort" for 95% and 75% of the total ventilation time in both weanable patients was correctly distinguished by the test program.
In a second published study 13 , the same authors examined the ability of a later development of the system to accurately predict the correct timing of extubation in 38 patients undergoing weaning from mechanical ventilation. This study compared the accuracy of extubation readiness suggestions by the knowledge-based test system to conventional weaning tests used to predict weaning success, including an ability to tolerate a twohour T-piece trial and post-extubation outcome. The knowledge-based system demonstrated a positive predictive value of 89%, compared to 77% in the conventional weaning tests and 81% from calculation of the rapid shallow breathing index, a weaning readiness predictor proposed by Yang and Tobin 23 . This study indicated the knowledge-based system may have been more accurately predictive of successful weaning and extubation than conventional methods.
A further published study evaluated a precursor of SmartCare/PS versus physician-controlled management of pressure support. The knowledge-based system was interfaced to a Hamilton Veolar ventilator and a mainstream gas monitor (Novametrix 1260, Wallingford, CT) for assessing ETCO 2 15 . Each patient was ventilated consecutively with the knowledge-based system and physician-controlled pressure support manipulation for 24 hours in a random order. The study reported that patients spent a longer time within the "respiratory zone of comfort" (93% compared to 66%) and experienced reduced periods of excessive workload as measured by P 0.1 (11% compared to 34%), while receiving the knowledge-based system management of pressure support 15 .
Bouadma and others 24 evaluated the use of the knowledge-based system in a heterogeneous patient group undergoing prolonged mechanical ventilation. The study provided evidence of the clinical applicaability to successfully manage pressure support for prolonged periods. The knowledge-based system clinicians in 52% of the patients and contemporaneously in 33%. Patients were extubated as soon as either the clinician or system predicted potential success, if no contraindications were present. However, the extubation failure rate of 21% was higher than rates reported in some studies of weaning readiness prediction, suggesting extubation readiness prediction by the system needed further evaluation [25] [26] [27] .
More recently, Lellouche and others 28 conducted the only large, multi-site, randomised, controlled study comparing the knowledge-based system (implemented in Dräger Evita 4 ventilators) to weaning protocols established as usual care within the participating units. The study of 144 patients reported a 40% tions in the duration of total ventilation, intensive care (ICU) length of stay and the use of non-invasive ventilation post-extubation. This study suggested the knowledge-based system had the potential to substantially reduce the total duration of ventilation and weaning compared to a standardised clinical protocol.
OTHER AUTOMATED WEANING SYSTEMS
A review of the literature, using the search terms closed loop, weaning and mechanical ventilation published reports on several automated weaning systems 8, 9, [29] [30] [31] . Two commercially available automated ventilatory modes include adaptive support ventilation (ASV) and proportional assist ventilation (PAV).
ASV incorporates pressure control (PCV) and PSV, with automatic adaptation of respiratory rate and pressure levels based on a clinician-set desired percentage of minute ventilation 2 . In the absence of spontaneous ventilation, ASV delivers Synchronised Intermittent Mandatory Ventilation (SIMV)-style PCV, using lung mechanics measured during each breath to guide closed loop adjustment of ventilator settings 32 . During spontaneous respiratory effort, the ventilator switches from PCV to PSV and reverts to PCV if the patient's minute ventilation decreases below the guaranteed minimum. The level of pressure support is also adapted to provide adequate tidal volumes according to the desired percentage of minute ventilation. Titration of the desired percentage of minute ventilation in ASV requires clinician decision input to enable progression to readiness for extubation. This differs from SmartCare/PS which only requires activation of the program to progress the patient from high levels of pressure support to a state of readiness for extubation.
The clinical application of ASV has been investigated in a number of small studies 33, 34 . These studies describe the ability of ASV to deliver effective and safe weaning with less patient-ventilator dyssynchrony and fewer signs of increased respiratory muscle load when compared to the more traditional approach of SIMV with pressure support 2, [35] [36] [37] . To the present, ASV has not been described as a mode used clinically in any of several large studies of international mechanical ventilation practices [38] [39] [40] .
Proportional assist ventilation (PAV), based on the original prototype developed by Younes and others 41 , delivers positive pressure throughout inspiration in proportion to patient generated effort and dependent volume assist (offsets resistance) 42 . There are no set pressure is increased or decreased in proportion to the patient effort via positive feedback control using respiratory elastance and resistance as the feedback signals 16, 43 . The patient's respiratory drive determines the respiratory rate and inspiratory time. PAV has been described as the only mode to be primarily designed on a physiological basis rather than the technical abilities of ventilators 41 .
Reported clinical studies of PAV have failed to
These studies demonstrate PAV does not improve gas exchange 44, 45 . Moreover, PAV is described as resulting in respiratory muscle unloading and thus less respiratory muscle effort due to high tidal volumes which negatively affect respiratory muscle training and potential weaning success 46, 47 . In addition, increased numbers of missed triggers with high levels of pressure support and delayed cessation of inspiratory trapping, suggest PAV is not as promising a mode as was initially thought 42, 45, 46, [48] [49] [50] .
DISCUSSION
Weaning from mechanical ventilation is a major international research priority aimed at reducing morbidity and cost associated with prolonged mechanical ventilation 51, 52 .
Both automatic ventilatory management and weaning protocols based on expert opinion have been proposed as methods of reducing unnecessary or inappropriate variation or delays in ventilatory processes that may arise from organisational constraints. The SmartCare/PS system can be viewed as an automated form of weaning protocol with several advantages over the written format. The computer system is not open to the same individual manipulation and subjective interpretation. Compliance and requires additional human resources to assist in their adoption and ongoing use in clinical practice 11, [53] [54] [55] .
On the other hand, protocols are often criticised as restricting clinical discretion and autonomy resulting in repression of analytic thought, critical thinking, clinical innovation and individualised care [56] [57] [58] . Similar criticism may also be directed at the SmartCare/PS system. However, the designers claim the system reproduces the cognitive behaviour of health professionals while maintaining user control over the system and is not intended as a substitute for clinical judgment and can be overridden at any time 11 . cations to 'close the loop' in management of weaning from mechanical ventilation. However, SmartCare/ PS is limited in its ability to control the weaning process. First, activation of SmartCare/PS relies on clinician decision-making and recognition of a patient's potential to wean. Second, SmartCare/PS only titrates pressure support and thus has no and FiO 2 . Finally, SmartCare/PS is unable to take into consideration disparate patient and organisational Notable among these are upper airway obstruction, excess respiratory secretions, inability to protect the airway, cardiovascular failure or ischaemia, abnormal mental status, respiratory failure, sepsis and seizures 59 weaning and extubation management include the time of day, planned patient transport or procedures, or unavailability of medical staff for reintubation purposes.
CONCLUSION
Automatic ventilatory weaning systems offer the promise of improved patient outcomes. SmartCare/ applications for automation of a clinical protocol within a knowledge-based system. The key aspect of this technology is an ability to provide continuous monitoring and real-time interventions which aim to SmartCare/PS is the product of greater than 10 years of development in Europe, is laudably based on clinically acceptable parameter limits and initial reports of its clinical utility are encouraging. However, further clinical studies will clarify whether SmartCare/ in the long-anticipated era of automated clinical care systems.
